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ABSTRACT 

Objectives: The effect of habitual, high-intensity 
exercise training on the progression of atherosclerosis 
is unclear. We assessed indices of vascular health 
(central systolic blood pressure (SBP) and arterial 
stiffness as well as carotid intima-medial thickness 
(cIMT)) in addition to cardiovascular risk factors of 
trained runners versus their untrained spouses or 
partners to evaluate the impact of exercise on the 
development of carotid atherosclerosis. 
Setting: field study at Boston Marathon. 
Participants: 42 qualifiers (mean age±SD: 46 
±13 years, 21 women) for the 2012 Boston Marathon 
and their sedentary domestic controls (46±12 years, 
n=21 women). 

Outcomes: We measured medical and running 
history, vital signs, anthropometrics, blood lipids, 
C reactive protein (CRP), 10 years Framingham risk, 
central arterial stiffness and SBP and cIMT. 
Results: Multiple cardiovascular risk factors, including 
CRP, non-high-density lipoprotein cholesterol, 
triglycerides, heart rate, body weight and body mass 
index (all p<0.05), were reduced in the runners. The 
left and right cIMT, as well as central SBP, were not 
different between the two groups (all p>0.31) and were 
associated with age (all r>0.41; p<0.01) and 
Framingham risk score (all r>0.44; p<0.01) 
independent of exercise group (all p>0.08 for 
interactions). The amplification of the central pressure 
waveform (augmentation pressure at heart rate 
75 bpm) was also not different between the two 
groups (p=0.07) but was related to age (p<0.01) and 
group (p=0.02) in a multiple linear regression model. 
Conclusions: Habitual endurance exercise improves 
the cardiovascular risk profile, but does not reduce the 
magnitude of carotid atherosclerosis associated with 
age and cardiovascular risk factors. 
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INTRODUCTION 

Carotid intima-medial thickness (cIMT) is a 
measurement of carotid atherosclerosis and 
predicts future vascular events such as stroke 
and heart attack. 1 Moderate habitual physical 
activity is associated with reduced cardiovas- 
cular deaths, but it is not clear whether the 



Strengths and limitations of this study 



Previous contrasting results on the impact of 
repetitive strenuous exercise on the development 
of atherosclerosis might be explained by the 
impact of multiple lifestyle factors on cardiovas- 
cular risk. For example, runners are likely to 
engage in other health behaviours (in addition to 
exercise) which could influence atherosclerotic 
processes and confound interpretation of data. 
Therefore, we have used a novel comparison of 
runners and their non-runner control spouses to 
conclude that habitual, high-intensity run training 
improves many aspects of the cardiovascular 
profile but does not reduce atherosclerosis mea- 
sured by carotid intima-medial thickness (cIMT). 
Sustained high-intensity aerobic training does 
not reduce the magnitude of carotid atheroscler- 
otic progression associated with age and 
disease, but does not appear to exacerbate it. 
We assessed atherosclerosis in our participants 
using cIMT, but other procedures such as coron- 
ary artery calcium score might provide a better 
assessment of coronary and cardiovascular 
disease risk. Our control participants were also 
not entirely sedentary. Controls performed less 
vigorous exercise, but they did perform similar 
amounts of moderate exercise as the runners. 
However, this design may enhance the validity of 
our study because it might better isolate the 
influence of habitual, high-intensity exercise 
training on cardiovascular risk and carotid 
atherosclerosis. 



reduction in cardiac events is due to 
exercise-induced reductions in atheroscler- 
otic risk factors and atherosclerosis or due to 
other factors such as enhanced vagal tone, 
increased electrical stability and a reduction 
in sudden death. 2 3 

Several studies have examined atheroscler- 
otic burden in athletes. Galetta et at 
observed that cIMT was 46% thicker in older 
adults, but lower in older endurance-trained 
athletes than sedentary controls, and 
increased cardiorespiratory fitness is asso- 
ciated with reduced cIMT in healthy 5 and 
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diabetic 6 7 populations. In contrast, Heffernan et aP 
found no significant differences in cIMT scores between 
exercise trained and age-matched, sedentary men with 
pre hypertension. In addition, recent data showed that 
veteran marathon runners exhibit higher coronary 
artery calcium scores compared with non-running con- 
trols matched for Framingham risk scores 9 and, similarly, 
male marathon runners display a surprisingly high 
prevalence of carotid and peripheral atherosclerosis. 10 A 
recent editorial proposed that repeated bouts of sus- 
tained and/or high-intensity aerobic exercise, such as 
that required for marathon training and competition, 
evokes systemic vascular remodelling that shifts the 
effect of aerobic exercise from cardioprotective to 
atherogenic. 11 

These contrasting results on the impact of repetitive 
strenuous exercise on the development of atheroscler- 
osis prompted a recent meta-analysis on the effects of 
exercise on carotid atherosclerosis to conclude that "it 
remains questionable whether long-term exercise can 
decelerate the development of carotid atherosclerosis." 12 
However, it is possible that discrepant results might also 
be explained by the impact of multiple lifestyle factors 
on cardiovascular risk. For example, runners are likely 
to engage in other health behaviours (in addition to 
exercise) which could influence atherosclerotic pro- 
cesses and confound interpretation of data. 

Accordingly, the current study compared carotid ath- 
erosclerosis measured by cIMT and the cardiovascular 
risk of runners participating in the 2012 Boston 
Marathon versus non-running spouses/domestic part- 
ners living in the same household (to control for other 
lifestyle factors such as diet). In addition to cIMT, we 
also assessed central systolic blood pressure (SBP) and 
arterial stiffness (the amplification of the pressure wave- 
form at the aorta), both of which contribute to central 
arterial stiffening, smooth muscle hypertrophy and 
increased intima-medial thickness. 13 14 We hypothesised 
that the runners would have a more favourable athero- 
sclerotic risk profile and lower cIMT values than the 
non-runner controls. 



METHODS 

Forty-two runners (50% women) registered for the 
116th Boston Athletic Association Marathon (16 April 
2012) and their non-running partners (married/com- 
mitted and living in the same household) were recruited 
for the study. All runners had achieved the Boston 
Athletic Association's qualifying standard and were 
running the marathon except for two runners who were 
involved in training but not competing that year. 
Participants who smoked or diagnosed with cardiovascu- 
lar or metabolic disease besides hypercholesterolaemia 
were excluded. Controls did not participate in regular, 
sweat-inducing physical activity >2 times/week. 
Participants provided written, informed consent to 
participate. 



The day before the race, the participants provided a 
medical and running history as well as their training 
mileage over the 3 months preceding the marathon. 
They also completed the Paffenbarger Physical Activity 
Questionnaire 15 to calculate average weekly hours of 
moderate and vigorous activity. Participants also com- 
pleted the Block Food Screener 16 to assess dietary 
intake. Resting blood pressure, heart rate (Welch Allen 
52 000 Vital Signs Monitor; Skaneateles Falls, New York, 
USA), height and body weight were measured. Venous 
blood was obtained after a 12 h fast to measure total and 
high-density lipoprotein cholesterol (HDL-C), triglycer- 
ides and C reactive protein (Quest Diagnostics Nichols 
Institute, Chantilly, Virginia, USA). Low-density lipopro- 
tein cholesterol was estimated. 17 Ten years Framingham 
risk was calculated according to the National Cholesterol 
Education Programme online calculator (http:// 
hp2 0 1 0 . nhlbihin .net/ atpiii/ calculator, asp ) . 

cIMT was measured with Doppler ultrasound. The 
artery was imaged 1 cm distal to the right and left 
carotid bulb using a 5-12 MHz multifrequency linear- 
array transducer attached to a high-resolution ultra- 
sound machine (Terason t3000; Burlington, 
Massachusetts, USA). The image was digitised and edge 
detection software (Carotid Analyzer; Medical Imaging 
Applications Inc, Iowa, USA) was used to trace the 
lumen-intima and intima-medial boundaries of the 
artery over a 1 min clip to calculate right and left cIMT. 
Each participant's cIMT data were analysed by two separ- 
ate technicians and the two cIMT values were averaged 
to create a right and left cIMT score. The coefficient of 
variation between the two technicians' measurements 
was 5.3±2.6 and 6.4±4.0%, respectively, for the right and 
leftcIMT. 

Arterial stiffness and central blood pressures were 
assessed using the SphygmoCor CPV Central Blood 
Pressure/Pulse Wave Velocity System (AtCor Medical; 
Sydney, Australia). Briefly, a tonometer was held on the 
radial artery to obtain readings of the pulse waveform 
over 10 s. The tonometer transduced dynamic changes 
in arterial force and volume into a complete pressure 
waveform calibrated using systolic and diastolic pressure 
values generated from brachial cuff measurement. A 
generalised transfer function gain was then applied to 
the pulse wave derived from the radial artery to recon- 
struct the aortic pulse and determine the aortic SBP as 
well as the pulse pressure amplification between the 
aorta and the radial artery. Augmentation index was cal- 
culated as the difference in pressure between the systolic 
shoulder of the ascending pressure curve and the sys- 
tolic peak, expressed as an absolute value (augmentation 
pressure) and relative to a heart rate of 75 bpm (aug- 
mentation index at heart rate 75 bpm) . 

Statistical analyses were performed with SPSS VI 5.0 
(SPSS, Inc, Chicago, Illinois, USA). Standard diagnostics 
were used to determine whether the parametric assump- 
tions (eg, variance homogeneity, normality) of the 
models described below were met. Independent samples 
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t tests were used to examine differences between the 
running and control groups. Correlations between con- 
tinuous variables were explored using Pearson coeffi- 
cients. Additional models using analysis of variance 
(ANOVA) (to explore the effect of gender), ANOVA (to 
explore the effect of continuous covariates) or multiple 
linear regression (to investigate the relative influence of 
relevant factors and their interactions in a multivariate 
model) were used to determine the influence of various 
predictors on cIMT (or other outcome variables of 
interest) . 

RESULTS 

Runners and controls were comprised of equal numbers 
of men and women of similar ages. Runners weighed 
less and performed more daily vigorous physical activity 
(table 1). Runners also demonstrated the expected dif- 
ferences in many cardiovascular risk factors (table 2). 
There was a significant correlation between dietary 
intake patterns in runners and their control spouses 
(Block Fruit Score: Pearson coefficient^. 38; p=0.02; 
Block Meat Score: Pearson coefficient^. 37; p=0.02). 

Neither left nor right cIMT differed between runners 
and controls (p=0.31 and 0.53, respectively). The left 
(figure 1A) and right (figure IB) cIMT were associated 
with age and Framingham risk score (figure 2A,B, 
respectively) independent of group effects or interac- 
tions (all p>0.08), and age and Framingham risk score 
were the only significant predictors of cIMT in a mul- 
tiple linear regression model. To explore whether (in 
runners only) years spent running influenced the effect 



Table 1 Participant characteristics 




Runners 


Controls 


Sample size (n) 


42 


42 


Women (n) 


21 


21 


Age (years) 


46±13 


46±12 


Height (inches) 


67±5 


67±5 


Weight (lbs) 


149±24* 


170±42 


Meds (n) 






BP lowering 


1 




NSAIDs 


3 




Aspirin 


1 




Cholesterol lowering 


2 




Oral contraceptives 


5 


\ 


Family history of CVD (n) 


15 




Race time (h:min) 


4:20±0:47 




Running mileage 


40±16 




Years run 


12+10 




Marathons completed (n) 


16±30 




Average vigorous exercise/day (h) 


2.0+1.1* 


0.6±0.6 


Average moderate exercise/day (h) 


3.9±2.2 


3.2±2.7 


Block fruit (pts) 


18.7±4.2 


16.8±4.5 


Block meat (pts) 


11.5±5.4 


13.1+5.8 


*Significant difference between runners and controls (p<0.05). 
BP, blood pressure; CVD, cardiovascular disease; NSAIDs, 
non-steroidal anti-inflammatory drugs. 



of chronic exercise on cIMT, we controlled for years 
running in a partial correlation analysis of age or 
Framingham risk score versus the left and right cIMT. 
However, in this analysis, the left and right cIMT were 
still associated with age and Framingham risk score, sug- 
gesting that years spent running did not influence the 
relationships between exercise, age, disease risk and 
cIMT. 

Aortic SBP was also not different between groups 
(p=0.67). Aortic SBP was correlated to left cIMT 
(Pearson coefficient^. 32; p<0.01) and right cIMT 
(Pearson coefficient = 0.36; p<0.01) and these associa- 
tions were not influenced by group effect or interactions 
(all p>0.31). Similar to cIMT, central SBP was associated 
with age and Framingham risk (r=0.41 and 0.52; both 
p<0.01) independent of group effects or interactions 
(all p>0.12). Carotid augmentation pressure was not dif- 
ferent between groups (p=0.67) and was related to age 
(figure 3A) and calculated Framingham risk score 
(figure 3B) independent of group effects or interactions 
(all p>0.42). Carotid augmentation pressure was also not 
different between the two groups (p=0.07) when 
expressed relative to a heart rate of 75 bpm (carotid aug- 
mentation index) , but this parameter increased with age 
in both groups and was lower in runners in a multiple 
linear regression model (figure 4). There was no rela- 
tionship between augmentation index and Framingham 
risk score (all p for effects and interactions >0.20). 

DISCUSSION 

This study was, to our knowledge, the first to assess car- 
diovascular risk biomarkers in trained runners versus 



Table 2 Cardiovascular risk factors 






Runners 


Controls 


Left cIMT (mm) 


0.60±0.09 


0.62±0.11 


Right cIMT (mm) 


0.60±0.11 


0.59±0.10 


SBP (mm Hg) 


130±18 


127±17 


DBP (mm Hg) 


76±9 


75±10 


HR (bpm) 


57+11* 


69±12 


BMI (kg/m 2 ) 


24±4* 


27±5 


Framingham Risk (pts) 


3±4 


3±3 


hsCRP 


0.6±0.5* 


1.6+1.9 


Total-C (mg/dL) 


181 ±29 


188±32 


Non-HDL-C (mg/dL) 


1 14+31* 


131 ±32 


HDL-C (mg/dL) 


68±18* 


58±16 


LDL-C (mg/dL) 


99±27 


110±28 


Triglycerides (mg/dL) 


76±29* 


103±58 


Central SBP (mm Hg) 


130±18 


127±17 


Carotid AP (mm Hg) 


11+8 


10±6 


AI@HR75 (%) 


14+1 1 


20+11 



*Significant difference between runners and controls (p<0.05). 
AP, augmentation pressure; AI@HR75, augmentation index at 
heart rate 75 bpm; BMI, body mass index; C, cholesterol; cIMT, 
carotid intima-medial thickness; DBP, diastolic blood pressure; 
HDL, high density lipoprotein; HR, heart rate; hsCRP, high 
sensitivity C reactive protein; LDL, low density lipoprotein; SBP, 
systolic blood pressure. 
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Figure 1 Relationships between age and left carotid 
intima-medial thickness (cIMT, A) and right cIMT (B) with data 
points represented for each individual participant and r 2 value 
shown for the entire sample. Solid line indicates regression 
line for runners; dashed line indicates regression line for 
controls. 




r 2 = 0.22; p < 0.01 
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Figure 2 Relationships between calculated Framingham 
Risk Score and left carotid intima-medial thickness (cIMT, A) 
and right cIMT (B) with data points represented for each 
individual participant and r 2 value shown for the entire 
sample. Solid line indicates regression line for runners; 
dashed line indicates regression line for controls. 



their domestic partners to minimise the influence of life- 
style differences on the effects of chronic, high-intensity 
exercise. Many aspects of the cardiovascular profile were 
better in runners versus controls, and age and 
Framingham risk scores were directly related to cIMT, 
but cIMT did not differ between runners and controls. 
These results suggest that chronic endurance training 
improves cardiovascular risk parameters, but does not 
retard the progression of carotid atherosclerosis. 

Habitual aerobic exercise improves many cardiovascu- 
lar risk markers including body weight, 18 blood lipids 19 
and blood pressure, 20 although the individual effect is 
highly variable. Runners in the current study exhibited 
11% lower body mass index, 63% lower CRP, 13% lower 
non-HDL-C, 26% lower triglycerides and 17% higher 
HDL-C than controls. By contrast, neither the left cIMT 
nor the right cIMT differed between runners and con- 
trols. There was a similar lack of effect of marathon 
training on central SBP, which contributes to increases 
in cIMT with age. 13 These data support recent 



suggestions that habitual high-level physical training may 
reduce cardiovascular risk factors, but neither reduces 
nor accelerates atherosclerosis via other mechanisms 
such as creating vascular turbulence or influencing 
central blood pressure. 

Age and Framingham risk score were associated with 
left and right cIMT and central SBP, consistent with find- 
ings from large-scale epidemiological studies. 21 22 In the 
current study, these relationships did not differ between 
trained and untrained adults, suggesting that chronic, 
high-intensity endurance training does not mitigate the 
progression of carotid atherosclerosis and intima-medial 
thickening associated with age and cardiovascular risk. 
This lack of effect was also not explained by differences 
in years spent running within the runner group, since 
controlling for duration of running history did not alter 
the relationships between age, disease risk and cIMT in 
runners. Similar findings have been reported in 
endurance-trained athletes with prehypertension, 8 and 
in older female 23 and male endurance athletes. 13 By 
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Figure 3 Relationships between age and carotid 
augmentation pressure (A) and calculated Framingham Risk 
score and carotid augmentation pressure (B) with data points 
represented for each individual participant and r 2 value shown 
for the entire sample. Solid line indicates regression line for 
runners; dashed line indicates regression line for controls. 



contrast, others have documented lower cIMT values in 
older endurance-trained athletes, 4 24 and shown that vig- 
orous activity reduces the profession of cIMT over 3 
years, 25 and 6 months of endurance training lowers 
cIMT in healthy young men. 26 Discrepancies between 
these various studies may be attributable to methodo- 
logical differences such as participants' age and types 
and duration of habitual endurance training as well as 
the influence of confounding variables such as diet. 
Consequently, the current study design in which partici- 
pants of a wide age range were studied in comparison 
with their domestic partners may better isolate the effect 
of chronic high-intensity endurance training on carotid 
atherosclerosis and cIMT. 

By contrast, while augmentation pressure did not 
differ between groups and demonstrated the expected 
relationship with age and Framingham risk, controlling 
for heart rate (ie, assessing augmentation pressure at a 
uniform heart rate of 75 bpm) demonstrated that this 
calculated augmentation index was marginally lower 



X 
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O Controls 



r 2 = 0.29; p < 0.01 for age and p = 0.02 for group 



20 30 40 50 60 70 80 

Age (years) 

Figure 4 Relationship between age and carotid 
augmentation index with data points represented for each 
individual participant and r 2 value shown for the entire 
sample. Solid line indicates regression line for runners; 
dashed line indicates regression line for controls. 



( p=0.07) in paired comparisons and statistically lower in 
a multivariate model when age was taken into account 
(figure 4). Augmentation pressure represents the influ- 
ence of arterial stiffening on the contribution of arterial 
wave reflections to increasing central blood pressure. 
Therefore, these data demonstrate once again that 
chronic aerobic exercise training exerts heterogeneous 
effects on the vasculature, some of which may be benefi- 
cial but not sufficient to alter the progression of athero- 
sclerotic disease. 

There have been recent troubling reports suggesting 
that habitual, prolonged exercise and physical activity 
and, specifically, marathon running may actually acceler- 
ate atherosclerotic progression. For example, Kroger 
et al 10 reported an unexpectedly high plaque burden in 
the carotid and peripheral arteries of 100 male marath- 
oners. Similarly, coronary artery calcification scores were 
higher in marathoners than in non-running controls 
matched for Framingham Risk Score. 9 The current data 
are reassuring since we did not find more atherosclerosis 
measured by cIMT in runners relative to their controls, 
and runners with the highest cIMTs also had the highest 
Framingham risk scores (figure 2). These results suggest 
that habitual exercise may not mitigate atherosclerotic 
progression, but does not exacerbate it beyond that 
attributable to age and risk factors. 

Limitations 

We assessed atherosclerosis in our participants using 
cIMT, but other procedures such as coronary artery 
calcium score might provide a better assessment of cor- 
onary and cardiovascular disease risk. 27 28 These studies 
were performed in a room adjacent to the runners' 
exposition so that more sophisticated techniques were 
not available to us. Our control participants were also 
not entirely sedentary. Controls performed less vigorous 
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exercise, but they did perform similar amounts of mod- 
erate exercise as the runners. However, this design may 
enhance the validity of our study because it might better 
isolate the influence of habitual, high-intensity exercise 
training on cardiovascular risk and carotid 
atherosclerosis. 

Conclusions 

Reports on the impact of long-term aerobic training on 
atherosclerotic risk are conflicting, and may be con- 
founded by differences in lifestyle factors between parti- 
cipants. Using a comparison of runners and their 
non-runner control spouses, we conclude that habitual, 
high-intensity run training improves many aspects of the 
cardiovascular profile but does not reduce atheroscler- 
osis measured by cIMT. These data are reassuring, given 
recent reports that marathon running may intensify ath- 
erosclerotic disease progression in central and periph- 
eral arteries, and suggest that exercise may reduce 
cardiovascular events by mechanisms independent of 
the atherosclerotic process. 
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